In this work, experimental results on the optical characterization of alcohol-infiltrated silicon/air onedimensional photonic crystals (1D-PhCs), fabricated by electrochemical micromachining of silicon, are presented. The spectral reflectivity of high-order hybrid 1D-PhCs with a spatial period of 8 m was measured, in the wavelength range 1.0-1.7 m, when alcohols (ethanol and isopropanol) substitute air inside the trenches. A reliable redshift is observed in the presence of alcohols, with respect to air, which allows one to discriminate the refractive index difference between the alcohols. Experimental data are in good agreement with numerical results calculated by using the characteristic matrix method, modified to take into account surface roughness of silicon walls. © 2009 Optical Society of America OCIS codes: 220.0220, 230.0230, 230.4000, 230.4040, 230.5298, 280.4788. Optofludics [1] attempts to unify optics and microfluidics. Initially driven by a large effort in integrating microfluidics and optics in lab-on-chip, today optofluidics provide new ways for optical device integration and tuning. In optofluidic devices, part of the optical structure is in contact with a proper fluid, which is selected for conditioning the optical properties of the structure itself. Photonic crystal (PhC) structures obtained by air-void formation in high-refractive-index materials, such as crystalline silicon, are thus good candidates for optofluidic device fabrication, as air can be easily replaced by a suitable fluid. Moreover, owing to the high sensitivity of PhC optical properties to tiny changes of dielectric constant, PhCs can be efficiently used for sensing. To our knowledge, only a few examples of PhC-based optofluidic devices have been reported so far [2] . Nonetheless, even if still in its infancy, PhCs show a great potential as core elements in optofluidics.
Optofludics [1] attempts to unify optics and microfluidics. Initially driven by a large effort in integrating microfluidics and optics in lab-on-chip, today optofluidics provide new ways for optical device integration and tuning.
In optofluidic devices, part of the optical structure is in contact with a proper fluid, which is selected for conditioning the optical properties of the structure itself. Photonic crystal (PhC) structures obtained by air-void formation in high-refractive-index materials, such as crystalline silicon, are thus good candidates for optofluidic device fabrication, as air can be easily replaced by a suitable fluid. Moreover, owing to the high sensitivity of PhC optical properties to tiny changes of dielectric constant, PhCs can be efficiently used for sensing. To our knowledge, only a few examples of PhC-based optofluidic devices have been reported so far [2] . Nonetheless, even if still in its infancy, PhCs show a great potential as core elements in optofluidics.
PhCs are natural or artificial materials that exhibit photonic bandgaps where the electromagnetic radiation cannot propagate. The existence of such gaps can be used to produce optical devices with improved features, such as filters, switches, reflectors, etc. [3] . Besides optical components, PhCs would also be effectively employed in optofluidic and biosensing applications [2, 4] , as their optical properties are very sensitive to many parameters, such as lattice type, refractive index contrast, and filling ratio. Recently, vertical high-order one-dimensional photonic crystals (1D-PhCs), consisting of high-aspect-ratio silicon walls alternated to air gaps along one axis, have been proposed [5, 6] . For optoelectronic applications, the main (and wider) bandgap should be exploited, in order to have a device whose optical properties are fairly independent from the PhC parameter variation. On the other hand, 1D-PhCs exploiting highorder bandgaps, at the operating wavelength, would be better suitable for optofluidic and biosensing. In fact, while a small period and a low reflectivity order are preferred for optical device fabrication, since this choice reduces the structure size and increases the bandgap width, for biosensor or optofluidic applications, a more robust structure, able to withstand liquid insertion, flow, and evaporation, is required. Moreover, for sensing purposes, a more complicated lineshape of the reflectivity spectrum is actually desirable in order to enhance the optical changes induced by reactions occurring in the structure. Increasing the spatial period of the structure, and, in turn, the thickness of silicon walls, allows obtaining 1D-PhCs with better mechanical stability, especially in the presence of liquids. At the same time, the reflectivity order to be exploited at the selected wavelength increases as well. However, to efficiently obtain the theoretically expected cumulative effects also for high orders, silicon structures with an improved optical quality (i.e., low roughness of surface, reduced spreading of the wall thickness, etc.) need to be fabricated.
Silicon/air high-order hybrid 1D-PhCs with spatial period of 8 m, height of 100 m, and aspect ratio of 33, exploiting the 20th reflectivity order at 1.55 m were fabricated and then optically characterized in the presence of alcohols (ethanol and isopropanol) in the air gaps. Reflectivity spectra were acquired in the wavelength range 1.0-1.7 m, before the liquid insertion in the gaps and after its evaporation, as well as in the presence of the liquid inside the gaps. In this Letter, experimental results are presented and discussed, in comparison with the expected theoretical behavior.
Silicon/air high-order 1D-PhCs were designed according to the so-called hybrid quarter-wavelength stack and consist in periodic arrays of vertical silicon layers with thickness d Si and air gaps of width d Air , which must satisfy the conditions d Si = K /4n Si and d Air = H / 4, where K and H are odd integer, independent parameters, n Si is the silicon refractive index at (whereas air refractive index is 1), and is the wavelength around which a propagation gap (of high order) is desired. These devices can be also envisioned as high-order Bragg reflectors for radiation propagating in the plane of the substrate. Design parameters at = 1.55 m were n Si = 3.48, d Si = 3.01 m, and d air = 4.99 m. The desired high-order gap-at the selected wavelength -is equal to ͑H + K͒ / 2, where H = 13 and K = 27, and it is related to the fabrication parameter D = d Air / ͑d Air + d Si ͒ that is the structure porosity.
The fabrication of 1D-PhCs was performed by means of the electrochemical micromachining (ECM) technology [7, 8] , according to the process detailed in [5] . ECM is a microstructuring technology, based on the electrochemical etching of silicon, which combines advantages of both dry and wet standard silicon etchings. It represents, to date, a unique case of straightforward, low-cost wet etching with the microfabrication features typical of complex, very expensive dry-etching processes.
The starting material was a 675-m-thick n-doped silicon wafer, (100) oriented, with 3 -8 ⍀ cm resistivity, and with a 100-nm-thick thermally grown silicon dioxide layer on its top. An array of 1-cm-long parallel straight lines, with a width of 4 m and a pitch of 8 m, were defined on the sample by means of a standard lithographic step. A buffered hydrofluoric acid (BHF) etch and a potassium hydroxide (KOH) etch were used to transfer the pattern in the silicon dioxide and the silicon substrate, respectively. The KOH etch formed full V grooves, used as initial seeds for the following electrochemical etching step. Electrochemical etching in an HF-based solution (͓HF͔ =5% by vol.) was then used to fabricate deep regular trenches in the patterned substrate. The etching voltage V etch was set to a constant value of 2 V for the entire etching process, while the etching current I etch was set to an initial value I etch0 = 23.21 mA and properly reduced during the etching in order to get a constant (nominal) porosity value of 0.624 throughout the entire etching depth. This porosity value corresponds to silicon walls of 3.01 m separated by 4.99-m-thick air gaps and thus to PhCs exploiting the 20th reflectivity order at = 1.55 m, as designed. The etching time t etch = 3900 s was chosen to fully etch trenches 100 m deep. After the electrochemical etching, a drying step aimed to the evaporation of the liquid filling the trenches was performed.
Spectral reflectivity measurements of spectral reflectivity in the wavelength range of 1.0-1.7 m at normal incidence on fabricated hybrid 1D-PhCs were performed with the optical setup reported in Fig. 1 , described in detail in [6] . Standard telecommunication single-mode fibers (SMR, 9 / 125 m core/ cladding diameter) were used for backreflection measurements: a lensed fiber pigtail was joined to one of the output ports of the single-mode fiber-optic 50% coupler to shine radiation onto the device under test and to carry the reflected light back into the monochromator of the optical spectrum analyzer (OSA).
The relative position of the fiber tip with respect to the silicon device was monitored with a digital camera, positioned as shown in Fig. 1 . The lensed termination of the fiber pigtail compensates for the output divergence of the optical fiber, minimizes backreflection contributions at the fiber-air interface, and represents an interesting solution for future integration within the silicon device. A collimating lensed fiber, which represents a good compromise between working distance and coupling loss, was selected for testing the effects of liquids inside our PhCs. In fact, if the fiber-device distance is too short, some liquid could be trapped by surface tension between the fiber tip and the front silicon wall. This problem, however, should be overcome in the future by means of a cover plate attached on top of the silicon device with suitable fluidic inlet and outlet. In particular, a tapered ball-lensed fiber with a 165 m ball diameter was employed that yields, at 0.5 mm distance, a spot diameter of Ϸ25 m with a divergence of about ±1°w ithin the sample depth. The coupling efficiency of these kinds of fibers remains constant for wide working distances, in agreement with the collimating characteristics of this termination.
Experiments were aimed to investigate the optical properties of the fabricated 1D-PhCs when liquids substituted air in the gaps. Isopropanol (IPA) and ethanol (EtOH) were employed to fill the gaps by placing a drop on top of the silicon device using a glass Pasteur pipette. The reflected power spectrum of the as-fabricated microstructure (i.e., in air) was collected just before the addition of the liquid and used as a reference spectrum. Then, the power spectra in the presence of liquids as well as after evaporation, which is associated with a rapid return of the bandgap pattern to the reference situation, were recorded. A typical sequence of the reflected power spectra is reported in Fig. 2(a) for the experiment with EtOH and in Fig. 2(b) for IPA. In both cases, the power spectrum collected after evaporation is well superposed to the reference, even after a number of experimental insertion/evaporation cycles. Such a result demonstrates that vertical 1D-PhCs with period of 8 m feature a good mechanical stability for biomedical/optofluidic applications. After normaliza- tion with respect to an ideal reflector, as described in [6] , we obtain the experimental absolute reflectivity of both the reference structure and the alcoholinfiltrated device. These results are in agreement with the theoretically expected behavior, as shown in Fig. 3(a) for the Si-air PhC and in Figs. 3(b) and 3(c) , respectively, for EtOH ͑n Etoh = 1.3545͒ and IPA ͑n IPA = 1.362͒. Reflectivity spectra have been calculated using the characteristics matrix method, taking into account porosity variations (supposed Gaussian with a standard deviation D around the designed value D) owing to residual surface roughness of the silicon walls, as described in [6] . For better comparison with experimental data, the smoothing effect of a finite resolution bandwidth ͑RB= 10 nm͒ was also included in the calculations [6] . As theoretically predicted, alcohol infiltration gives rise to a redshift of the reflectivity spectrum, together with a modification of the bandgap pattern, owing to higher reflectivity orders involved with the Si/alcohol structure. Even with a limited RB, different spectral features appear upon EtOH and IPA infiltration. As an example, the reflectivity peak theoretically predicted for the silicon/air structure at 1593 nm should shift to 1605 nm with EtOH and 1609 nm with IPA. Experimentally, the reflectivity peak detected in the reference spectrum at 1595 nm shifts to 1604 nm with EtOH and to 1612 nm with IPA. Therefore, high-order 1D-PhCs allow for discriminating the refractive index difference between the tested alcohols by means of a differential shift of about 8 nm, which is of the same order of magnitude of the theoretical value. Better results, in terms of minimum detectable refractive index variations, are expected by narrowing the RB, which requires a more powerful source to increase the dynamic range of the measurement.
In conclusion, vertical silicon/air 1D-PhCs exploiting high reflectivity orders seem very promising for biochemical and optofluidic applications.
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